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ABSTRACT 

I discuss in detail the construction of realistic superstring standard-like mod- 
els in the four dimensional free fermionic formulation. The analysis results in a 
restricted class of models with unique characteristics: (i) Three and only three 
generations of chiral fermions with their superpartners and the correct Standard 
Model quantum numbers, (ii) Proton decay from dimension four and dimension 
five operators is suppressed due to gauged U(l) symmetries, (iii) There exist Higgs 
doublets from two distinct sectors, which can generate realistic symmetry breaking, 
(iv) These models explain the top-bottom mass hierarchy. At the trilinear level of 
the superpotential only the top quark gets a non vanishing mass term. The bottom 
quark and the lighter quarks and leptons get their mass terms from non renormal- 
izable terms. This result is correlated with the requirement of a supersymmetric 
vacuum at the Planck scale, (y) The^rwdelspredict the existence of sin J^ hidden 
gauge groups, like SU(3), wftn^rnatter sp^ct^m^in^ve^tQr^e^e^n^tions.^". . 1^1 . .. 



1. Introduction 

The quest of theoretical physics in recent years has been the unification of 
all known fundamental interactions into one, consistent, theoretical formulation. 
Although the main prediction of Unified Theories, proton decay, has not yet been 
observed, calculations of sin 2 6\y and of the mass ratio ^ support their valid- 
ity. Recent calculations [1] seem to favor supersymmetric unification versus non 
super symmetric unification. Superstring theory [2] is a unique candidate for the 
consistent unification of gravity with the gauge interactions, but lacks experimental 
support for its existence. 

Initially it was believed that for its consistency the superstring had to be em- 
bedded in ten space-time dimensions and then the extra dimensions had to be 
compactified on a Calabi-Yau [2] manifold or on an orbifold [3] . Further study 
revealed that one could formulate a consistent string theory directly in four space- 
time dimensions by identifying the extra degrees of freedom as either bosonic [4] 
or fermionic [5,6] internal degrees of freedom. 

On the other hand the Standard-Model agrees with all experimental observa- 
tions to date, but leaves many questions unresolved. Among them are the fermion 
mass hierarchy, the number of chiral generations, the origin of fundamental scales, 
etc. These problems find natural explanations in superstring theories. Therefore, 
an important task is to connect the superstring with the Standard-Model. This 
task is obscured by the enormous number of candidate string models and our ig- 
norance of the mechanism which selects the unique model. Two approaches can 
be followed to connect the superstring with the Standard-Model. One is to use a 
GUT model with an intermediate energy scale. Many attempts have been made 



from superstring theory were made in the free fermionic formulation. However, all 
these attempts consist of isolated examples and a systematic presentation is still 
lacking. In this paper I try to fill this gap. Lacking a dynamical mechanism which 
singles out the unique string model, it is naive to expect that a particular example 
will turn out to be the correct model. However, by investigating a whole class of 
models we can extract the general properties of these models and their low energy 
phenomenological characteristics. The free fermionic formulation is chosen due to 
its unique properties. First, it is formulated directly in four space-time dimensions. 
Second, it is an exact conformal field theory which gives us the advantage of using 
the powerful calculational tools of conformal field theory, yielding highly predictive 
models. Finally, it is formulated at the self-dual point in the compactified space 
which enhances space-time gauge symmetries from U(l) to SU{2). 

I present a detailed discussion of the spin structure basis vectors and the im- 
plications on low energy phenomenology. I impose the following phenomenological 
constraints on a possible superstring standard-like model: 

1. The gauge group is SU(3)c x SU(2) L x U(l) n x hidden, with N = 1 space-time 
super symmetry. 

2. Three generations of chiral fermions and their superpartners, with the correct 
quantum numbers under SU(3)c x SU(2)i x U(l)y- 

3. The spectrum should contain Higgs doublets that can produce realistic gauge 
symmetry breaking. 

4. Anomaly cancellation, apart from a single "anomalous" U(l) which is canceled by 
application of the Dine-Seiberg-Witten (DSW) mechanism. 



are usually not found [13]. These dimension four operators are forbidden if the 
gauge symmetry of the Standard Model is extended by a U(l) symmetry, which 
is a combination of, B — L, baryon minus lepton number, and T^ R , and is exactly 
the additional U(l) that is derived in the superstring standard-like models. The 
dimension four operators may still appear from the nonrenormalizable terms 
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where $ is a combination of fields which fixes the string selection rules and gets 
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a VEV of Oynripi). The ratio controls the rate of proton decay. While in the 
standard-like models this problem can be evaded either by keeping B — L gauged 
down to low energies [14], or by simply keeping (iV£) = 0, in superstring models 
based on an intermediate GUT symmetry, the problem is more difficult as iV£ is 
necessarily used to break the GUT symmetry [15]. 

The paper is organized as follows. In section 2, I review the basic tools needed 
for the construction of models in the free fermionic formulation. In section 3, I 
emphasize the special role played by the first five vectors in the basis that spans 
the models. I argue that the important functions of this set make it a unique set. 
In sections 4 and 5 I discuss the construction of standard-like models and their 
unique characteristics. In section 6, I discuss some of the phenomenology which is 
expected to arise from these models. 



2. Basic tools for model building 

In the free fermionic formulation of the heterotic string in four dimensions all 



The supercurrent is given in terms of these fields as follows 
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T F (z)=rd z X fI + J2xW. (1) 
i=i 

For the right movers we have and 44 real free fermion fields: (p a , a = 1, • • • , 44. 
Under parallel transport around a noncontractible loop the fermionic states pick up 
a phase. A model in this construction is defined by a set of basis vectors of bound- 
ary conditions for all world-sheet fermions. These basis vectors are constrained 
by the string consistency requirements (e.g. modular invariance) and completely 
determine the vacuum structure of the model. The physical spectrum is obtained 
by applying the generalized GSO projections. The low energy effective field theory 
is obtained by S-matrix elements between external states. The Yukawa couplings 
and higher order nonrenormalizable terms in the superpotential are obtained by 
calculating corralators between vertex operators. For a corralator to be nonvan- 
ishing all the symmetries of the model must be conserved. Thus, the boundary 
condition vectors determine the phenomenology of the model. 

The class of spin structure models which I investigate here are generated by 
a basis of Z\ x The basis generates an additive group S = 'Y^k n k^k) where 
rik — 0, . . . , Nz k — 1. The physical states in the Hilbert space, of a given sector aeS, 
are obtained [6] by acting on the vacuum |0) Q with bosonic, and fermionic operators 
with frequencies Vf = 1+c £^ ; and isf* = 1 j^- , for / and /*, respectively . The 
states satisfy the Virasoro condition: 
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satisfy the generalized GSO projections [6], 
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where F a (f) is a fermion number operator counting each mode of / once (and if / is 
complex, /* minus once). For periodic fermions the vacuum is a spinor in order to 
represent the Clifford algebra of the corresponding zero modes. For each periodic 
complex fermion f, there are two degenerate vacua |+), |— ) , annihilated by the 
zero modes /o and fo* and with fermion numbers F(f) = 0,-1, respectively. The 
U(l) charges, Q(f), with respect to the unbroken Cartan generators of the four 
dimensional gauge group, which are in one to one correspondence with the U(l) 
currents /*/ for each complex fermion f, are given by: 



where a(f) is the boundary condition of the world-sheet fermion / in the sector 
a. 

To analyze the massless spectrum, I have written a FORTRAN program. The 
program takes as input the basis vectors B = {b\, • • • ,b$}, and the GSO coef- 



Q(f) = \<*(f) + F(f) 
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The program checks the modular invariance 
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standard techniques for evaluating non vanishing corralators and renormalization 
group equations, it provides powerful machinery for studying the phenomenology 
of the superstring models. 



3. The NAHE set 

The first five vectors (including the vector 1) in the basis are 

S = (l i — 30,...,0|0,...,0). (5a) 

bl = ( I,---- 1 ,0,---,0|l 1 _^l,0,---,0). (56) 

•*/> M ,x 12 ,2/ 3 ""' 6 ,y 3 ""' 6 $i,-.5,jji 

62 = ( 1» • ,l ,0,---,0ll,---,l,0,---,0). (5c) 

^* ^34^1,2^5,6^1,2^5,6 jh-ttf 

63 = ( 1. • ,l ,0,---,0|l,---,l,0,---,0). (5d) 
with the choice of generalized GSO projections 

and the others given by modular invariance. This set is reffered to as the NAHE* 
set. The NAHE set is common to all the realistic models constructed in the free 
fermionic formulation [7,10,16,11,12] and is a basic set common to all the models 
which I present. The sector S generates N = 4 space-time supersymmetry, which is 
broken to iV = 2 and N — 1 space-time supersymmetry by b\ and 62, respectively. 



NAHE set is 50(10) x E 8 x 50(6) 3 with N = 1 space-time supersymmetry. The 
three SO (6) symmetries are horizontal, generational dependent, symmetries. The 
vectors b\, hi and 63 of the NAHE set perform several functions: 

1. They produce the chiral generations. 

2. They perform a "chirality operation". To obtain from a given sector bj a full 
spinorial 16 of SO (10) with the same chirality, a second vector is needed in the 
basis, tpv,^ 1 ''"' 5 are periodic in both vectors and the intersection between the 
remaining boundary conditions is empty. 

3. They separate the hidden sector from the observable sector. 

At the level of the NAHE set, each sector b\, 02 and 63 give rise to 16 spino- 
rial 16 of 50(10). The internal 44 right-moving fermionic states are divided in 
the following way: i/j 1 ''"' 5 are complex and produce the observable 50(10) sym- 
metry; 1 ''"' 8 are complex and produce the hidden Eg gauge group; {fj 1 , |/ 3 '"'' 6 }, 
{fj 2 , y 1 ' 2 , a) 5 ' 6 }, {fj s , a; 1 ''"' 4 } give rise to the three horizontal 50(6) symmetries. 
The left-moving {y,co} states are divided to, {y 3 ''"' 6 }, {y 1,2 , cu 5 ' 6 }, {cj 1 ''"' 4 }. The 
left-moving x 12 , X 34 ? X 56 states carry the supersymmetry charges. 

The Neveu-Schwarz sector produces the massless scalar states 
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symmetry to Eq. Adding the vector 



X = (0,---,0| ,0,..-,0) (7) 

.01, ■■■,5^1,2, 3 

to the NAHE set, extends the gauge symmetry to Eq x £/(l) 2 x S'0(4) 3 . The 
sectors (&i; b\ + X), (62; &2 + X) and (63; 63 + X) each give eight 27 of i?6- The 
(iVS 1 ; NS + X) sector gives in addition to the vector bosons and spin two states, 
three copies of scalar representations in 27 + 27 of Eq. 

In this model the only internal fermionic states which count the multiplets of 
Eq are the real internal fermions {y, w\y, Co}. This is observed by writing the 
degenerate vacuum of the sectors bj in a combinatorial notation. The vacuum of 
the sectors bj contains twelve periodic fermions. Each periodic fermion gives rise 
to a two dimensional degenerate vacuum |+) and |— ) with fermion numbers and 
— 1, respectively. The GSO operator, Eq. (3), is a generalized parity, operator 
which selects states with definite parity. From Eq. (3) and after applying the GSO 
projections, we can write the degenerate vacuum of the sector b\ in combinatorial 
form 

[©♦(KM:) [(KK)]G) 

♦G)[(K)- OK:)) » 

where 4 = {y 3 y 4 , y 5 y 6 , y 3 y 4 , y 5 y 6 }, 2 = x 12 }, 5 = {ip 1 '"'' 5 } and 1 = {ff}. The 
combinatorial factor counts the number of I— ) in a given state. The two terms 



these twelve states correspond to a six dimensional compactified orbifold with Euler 
characteristic equal to 48. 

I would like to emphasize that the functions 1 and 2 above make the partial 
set {1, S, bi, 62} of the NAHE set a completely general set. Indeed, this partial set 
is common, in one form or another, to all the constructions in the free fermionic 
formulation. The minimal way to obtain a well defined hidden gauge group [18] 
is by adding the vector 63 to this set, which makes the NAHE set a unique set. 
The analysis of models beyond the NAHE set is reduced, almost entirely, to the 
study of the boundary conditions of the real fermions {y 1 ''"' 6 , u 1, '"' 6 \y 1 >'" ,e , a) 1 ''"' 6 }, 
and is simplified considerably. In the language of conformal field theory these real 
fermions correspond to the left right symmetric internal conformal field theory. As 
I will show bellow many of the phenomenological implications are determined by 
the boundary conditions of these real fermions. 

4. Beyond the NAHE set 

In the following I employ a table notation which emphasizes the division of the 
internal fermionic states according to their division by the NAHE set. The set of 
real fermions {y,w\y, u} plays an important role in the low energy properties of 
the standard-like models. In the table, the real fermionic states {y,w\y, u} are 
divided according to their division by the NAHE set. The pairing of real fermions 
into complex fermions or into Ising model sigma operators is noted in the table. 
The entries in the table represent the boundary conditions in a basis vector for all 
the fermionic states. The basis vectors in a given table are the three basis vectors 
which extend the NAHE set. 



set. A strong constraint on the possible gauge group comes from the absence of 
adjoint representations in the massless spectrum of level one Kac-Moody algebra 
[17]. Therefore the SO (10) symmetry has to be broken to one of its subgroups 
SU(5) x 1/(1), SO(Q) x SO(4) or SU(3) x SU(2) x U(1) B -L x U(1)t 3r . This is 
achieved by the assignment of boundary conditions to the set -^i'" 5 : 

2 

1. b{$\" 5 } = {\\\\\} ^SU(5)xU(l), 

2 

2. b{^j\- 5 } = {11100} SO(6) x SO(A). 

2 

To break the 50(10) symmetry to SU(3) x SU(2) x U(l) c x U(1) L * both steps, 
1 and 2, are used, in two separate basis vectors^". The 5*0(10) symmetry has to be 
broken in at least two of the three vectors which extend the NAHE set. Models in 
which the S'O(IO) symmetry is broken in all three vectors are possible. 

The weak hypercharge is given by the combination U(l)y = \U(l)c + \U(1)l- 
The orthogonal combination is given by U(l)z> = U(l)c — U(1)l- 

The number of horizontal U(l) symmetries depends on the assignment of bound- 
ary conditions and differs between models. All models have at least three horizontal 
U(l) symmetries, denoted by U(l) Tj (j = 1,2,3), which correspond to the right- 
moving world-sheet currents fj\fj{ , fj{fj{ and fjifjf . These complex fermionic 

2 2 2 2 2 2 

states are twisted by a Z4 twist. This twist is necessary to keep the two Weyl 
spinor components of the chiral fermions in the spectrum. Additional horizontal 
U(l) symmetries, denoted by U (l) rj (j = 4, 5, ...), arise by pairing two real fermions 
from the sets {y 3 ''"' 6 }, {y 1 ' 2 , a) 5 ' 6 } and {a; 1 ''"' 4 }. The final observable gauge group 
depends on the number of such pairings. 

For each of these complexified right-moving fermions correspond a left-moving 



to them, is further constrained by the world-sheet supercurrent, Eq. (1). In 
the fermionic formulation and with the supersymmetry generator of the NAHE 
set, the boundary conditions of any (x 1 , y 1 , oo 1 ) triplet can belong only to 
{(1,1,0); (1, 0, 1); (0, 1, 1); (0, 0, 0)} for space-time bosons and to {(1, 0, 0); (0, 1, 0) 
; (0, 0, 1); (1, 1, 1)} for space-time fermions. Each complexified left-moving fermion 
gives rise to a global U(l) symmetry, denoted by U(l)n j (j = 4,5, ...). As will be 
shown bellow these additional horizontal symmetries play an important role in 
the phenomenology of the massless spectrum. Three additional left-moving global 
U(l) symmetries, denoted by U(l)i j (j = 1,2,3), arise from the charges of the 
supersymmetry generator: % 12 , x 34 and x 56 - 

If all right-moving (and hence all left-moving) fermions were complex, the gauge 
group would have rank 22. The rank is reduced by pairing a left-moving fermion (/) 
with a real right-moving fermion / to form an Ising model sigma operator. These 
are denoted by a l ± and a l ± for (y % y % )± and (uj 1 Cu' 1 ) ± , respectively. For a corralator 
between vertex operators to be non vanishing, the real fermions must produce non 
zero Ising model corralators. The symmetries of the Ising model corralators and 
of the left moving charges must be checked after all picture changing have been 
done. The rules for obtaining the non vanishing corralators are given in Ref. [19]. 

4.2 The number of generations 

The question of the number of generations is discussed in detail in Ref. [20]. 
It is argued that the NAHE set leads to three generations as the most natural 
number of generations. After the NAHE set, each sector b\, hi and 63 give rise to 
sixteen chiral generations. The number of generations is determined by the set of 
real fermions {y, u\y, u} (the vertical line separates left from right movers). The 



real part of the sectors bi, 62 and 63 and reduces the combinatorial factor of Eq. 
(8) by a half. Thus, we obtain one generation from each sector b\, bi and 63. 

It is important to note that if the final gauge group is SU (5) x U(l) or 5*0(6) x 
SO (A) two of the additional sectors give rise to 16 + 16 of SO(10). The net 
chirality of three generations is not spoiled. If the SO (10) symmetry is broken 
to SU(3) x SU(2) x U(l) 2 , constructions with exactly three generations and no 
mirror generations are obtained. 

In the notation of table 1, all the real fermions are paired to form Ising model 
operators. The states fj 1 ' 2 ' 3 are complex and are separated from the real fermions 
by the \ twist in the sector 7. At least three additional vectors are needed to break 
all the horizontal symmetries which arise from the part of the real fermions and 
at the same time reduce the number of generations to one generation from each of 
the sectors b\, 62 and 63. Thus, the minimal additive group is S = Z\ ® Z4. In the 
model of table 1 all the real horizontal symmetries are completely broken and the 
rank of the final gauge group is 16. In the models which I introduce below, some 
of the real fermions are paired to form complex fermions and therefore give rise to 
additional horizontal U{1) symmetries. 

In the free fermionic models the chiral generations, from the sectors b\, 62 and 63, 
carry charges under the three horizontal U(l)j (j = 1, • • • , 3) symmetries. The sign 
is determined by the product, 7 • b j = odd/even =>- U(l)j = —\/\, respectively. 
In addition to these symmetries the chiral generations carry charges under the 
additional horizontal U(l) r . (j = 4, 5, 6) symmetries. For example in the model of 
table 2 we obtain three chiral generations Gj = e c L . + u c L . + N^. + d c L . + Qj + Lj 
(j — 1, • • • , 3) with the following charges. From the sector b\ we obtain 



and from the sector 63 



(4 + Oo,o,io,o,i + (H + d!) ,o,i,o,o,-i + (L) 0)0j i )0j0 _i + (Q) ,o,i,o,o,i- ( 9c ) 
Where 

el = [(1, \)\ (1, 1)]; «£ = [(3, -i); (1, -1)]; Q = [(3, 1); (2, 0)] (10a, b, c) 
N C L = [(1, |); (1, -1)]; di = [(3, -i); (1, 1)]; £ = [(1, -§); (2, 0)] (lOd, e, /) 

of SU(3) C x x SU(2) L x C/(1) L . The charges under the six horizontal U(l) 

are given in Eqs. (9). Three generations of chiral fermions are common to all the 
models which I present. 

4.3 Higgs doublets 

The massless spectrum must contain Higgs doublets to give masses to the quarks 
and leptons. The Higgs doublets in the free fermionic models are obtained from 
two types of sectors. The first type are scalar doublets from the Neveu-Schwarz 
sector which arise from the scalar representations Eqs. (6). The presence of 
this scalar doublets in the massless spectrum is correlated with the additional 
U(l) rj horizontal symmetries which arise from pairing real right-moving fermions. 
This pairing guarantees that both the chiral family from a sector bj (j = 1,2,3), 
as well as the corresponding Higgs doublets, hj and hj, remain in the massless 
spectrum. Otherwise an exclusion principle is observed in the application of the 
GSO projection, a, which breaks the SO (10) symmetry to SO (6) x 50(4). If 
a ■ bj = 0mod2 (j = 1, 2, 3), the family from bj is in the spectrum and the Higgs 
doublet yi^f 5 ^ 10) is projected out. If a - hi — Imodl, (j = 1,2,3), the familv 



To illustrate this dependence I consider the models in tables 1, 2 and 5. In 
model 2, the three horizontal (U(l)f, U(l) r ) symmetries, which correspond to the 
world-sheet currents (y 3 ?/ 6 ; |/ 3 |/ 6 ), (t/ 1 ^ 6 ; y 1 ^) and (u; 1 ^ 3 ; a) 1 ^ 3 ), guarantee that 
the Higgs doublets hi, hi, h^, h,2 and hs, J13, as well as the chiral generations 
from the sectors bi, 62 and 63, remain in the massless spectrum. A similar result 
is obtained in models 3 and 4. In model 1 all the real fermions are paired to 
form Ising model operators and there are no additional U(l) symmetries beyond 
U(l)j (j = 1,2,3). All the Higgs doublets from the Neveu-Schwarz sector are 
projected out. In this case the Higgs triplets D\, D\, D2, D2 and D%, D3 from Eqs. 
(6a,c,e) remain in the massless spectrum. In model 5 we have only one additional 
horizontal (U(l)f, U(l) r ) symmetry which corresponds to the world-sheet currents 
(cj 2 cj 3 ; a) 2 a> 3 ). Therefore in this model only one pair of Higgs doublets from the 
Neveu-Schwarz sector, hs, hs, remains in the massless spectrum after the GSO 
projections. In this case we obtain from Eqs. (6a,c) the Higgs triplets D\, D\ 
and D2, -E>2- Thus, the extra horizontal U(l) rj symmetries perform an additional 
function. They eliminate the dangerous Higgs triplets, D and D, which mediate 
proton decay through dimension five operators [21]. 

The horizontal U(l)i ;r symmetries also guarantee that the SU(5) singlets from 
Eqs. (6b,d,f) remain in the massless spectrum. Thus, in models 2,3 and 4 we 
obtain three pairs of singlets $12, $12, $34, $34 and $56, $56, while in model 5 we 
obtain only one pair of singlets, $12, $12- 

The second type of Higgs doublets is obtained from a combination of the basis 
vectors a and f3 with some combination of b\, 62 and 63. For example in models 3 
and 4 they arise from the combination ( = b\ + 62 + ot + P- In this vector, (r-(r = 
tr-tr =4. Thprpfnrp ths mflsslpRR statps arp nhtainsH hv a.ptinpr nn the va.rnnm 



imposes an additional strong constraint on the allowed basis vectors. For example, 
in the model of Ref. [10], it is impossible to obtain such a combination. The reason 
is the specific pairing of the left-moving real fermions, y 3 y G , y 1 ^ and to 1 ^. These 
pairings guarantee that both the chiral fermions from the sectors bj as well as the 
corresponding Higgs doublets hj, hj are in the massless spectrum. However, the 
restrictions on the boundary conditions of the left-moving triplets (x 1 , y 1 , oj 1 ), 
forbid the construction of a combination like (. Therefore in all the models with 
this pairing of left-moving fermions, these type of doublets and singlets does not 
exist. In models 3 and 4 the pairing of left-moving fermions is y 3 y 6 , y 1 ^ 5 and 
cj 2 cj 4 . In this case a vector of the form of ( is obtained. The singlets and doublets 
from this sector play an important role in the application of the DSW mechanism 
and in the generation of the fermion mass hierarchy. 

4.4 Yukawa couplings 

The determination of trilevel Yukawa couplings, for the chiral generations from 
the sectors 61,62 and 63, depends on the assignment of boundary conditions for 
the set of fermions {y 1 ''"' 6 , Lu 1, '" ,G \y 1 '"' 6 , a; 1 ''"' 6 }. To illustrate this dependence I 
consider the model of table 2. The full massless spectrum of this model is presented 
in Ref. [10]. The sectors 61,62 and 63 give rise to three chiral generations. From 
the Neveu-Schwarz sector, three pairs of SU(2)l scalar doublets are obtained. 

The basis of table 2 leads to the following trilevel mass terms for the states from 
the sectors 61, 62 and 63: 



{(u^Qih + NlLxhx + d c L2 Q 2 h 2 + e c L2 L 2 h 2 + e c L3 L 3 h 3 + d c L3 Q 3 h 3 ). (11) 



This asymmetry leads to a non vanishing Yukawa coupling for the +3 charged 
quark and for the neutral lepton from the sector b\. On the other hand, examina- 
tion of the real fermion states from the sectors 62 and 63 reveals that for both sectors 
the corresponding charges are symmetric in the vector 7. 7(t/ 1 w 6 ) = 7(y 1 c<} 6 ) = 1 
and 7(w 1 cj 3 ) = ^(u 1 ^ 3 ) = 0. This symmetry leads to a non vanishing trilevel 
Yukawa coupling for the — ^ charged quark and for the charged lepton. In Ref. 
[22], I prove that in the symmetric case, \^(U(l)i. +z ) — 7(^(1)^+3) I — 0, trilevel 
mass terms are possible only for — ^ type quarks while in the asymmetric case, 
|7(C^(l)^ + 3) — 7(^(1)^+3)1 = 1) trilevel mass terms are possible only for +| type 
quarks. The proof is based on showing that, for the states from a sector bj, in the 
symmetric case only — | type quarks form trilevel mass terms which are invariant 
under U(l)j, while in the asymmetric case only +| type quarks form trilevel mass 
terms which are invariant under U(l)j, (j = 1,2,3). 

From this result it follows that, depending on the assignment of boundary con- 
ditions in the vector 7, it is possible to construct models with trilevel Yukawa 
couplings for +| charged quarks as well as for — ^ charged quarks and for charged 
leptons. Apriori, the Yukawa couplings for all the heaviest generation states can 
be obtained from trilevel terms in the superpotential. I will refer to this type of 
models as type I models. On the other hand, it is possible to construct models 
in which only one type of Yukawa coupling is obtained at trilevel. For example, 
in models 3 and 4, only +| charged quarks get a non vanishing trilevel Yukawa 
coupling. I will refer to this models as type II models. In the next section I argue 
that the requirement of a supersymmetric vacuum at the Planck scale may indicate 
that only type II models are allowed. 

T now turn to discuss Yukawa cnnnlinp's from nnnrRnnrmali7,ahlp tfirms in thpsp 



of real fermions {y,w\y, ou} determines the non vanishing mass terms from higher 
orders. 

The rules for obtaining the non vanishing higher order terms are given in Ref. 
[19]. A non vanishing F term in the superpotential must obey all the string se- 
lection rules. It must be invariant under all the gauge and global symmetries. In 
addition the real fermions must produce non zero Ising model corralators for a non 
renormalizable term to be non vanishing. The symmetries of the Ising model cor- 
ralators and of the left-moving global symmetries must be checked after all picture 
changing have been done [19]. 

Examination of the quartic level terms in the model of table 2 reveals that there 
are no quartic terms which can give rise to bottom quark and tau lepton mass terms. 
On the other hand the model of table 3 does give rise to non vanishing quartic level 
mass terms for the bottom quark and for the tau lepton. These quartic order terms 
are of the form [12], 

W 4 = {di^ti^i + e^Lifc^i + d c L2 Q 2 ti^ 2 + ei 2 L 2 /4<J 2 }. (12) 

In model 3 nonvanishing mass terms for the bottom quark and for the tau lepton 
may be obtained from the following non vanishing quintic terms, 

W 5 = {d c Ll Qih4 5 $i& + + d£ a Q 2 /i45$Jfi + e£ a L 2 /i45$j£i}- (13) 

The second type of Higgs doublets, from the vector combination of a + (3 plus a 
combination of b\, b 2 and 63, generate the fermion mass hierarchy in the heaviest 
generation. They couple to the bottom quark and to the tau lepton to form 
effective Yukawa couplings from the nonrenormalizable terms. In the application 



The massless spectrum of the free fermionic models contains anomaly free and 
anomalous U(l) symmetries. The boundary condition vectors and the choice of 
GSO phases determine the anomaly free and anomalous U(l) symmetries. For 
example in model 2 the following U(l)s are anomalous: TrC/i = —24, TrC/2 = —30, 



TrC/i = -18, TrU 2 = -24, TrU 3 = 24, TrC/ 4 = -12, TrU 5 = 6, TW 6 = 6, 
TrU 7 = -6, TrU 8 = 12 and TrC/ 9 = 18. 



The anomalous U(l) is broken by the Dine-Seiberg-Witten mechanism, [23] 
in which a potentially large Fayet-Iliopoulos D term is generated by the VEV of 
the dilaton field {(f) d)- Such a D term will in general break supersymmetry and 
destabilize the string vacuum, unless there is a direction in the scalar potential 
(f) = Yli a i ( l ) i^ which is F flat an d also D flat with respect to the nonanomalous 
gauge symmetries and in which YliQi \ a i\ < 0- ^ suc h a direction exists, it 
will acquire a VEV, canceling the anomalous D term, restoring supersymmetry 
and stabilizing the vacuum. Since the fields corresponding to such a flat direction 
typically also carry charges for the non anomalous D terms, a non trivial set of 
constraints on the possible choices of VEVs is imposed and will in general break 
all of these symmetries spontaneously. 

The set of constraints is summarized in the following set of equations: 



TrC/ 3 = 18, TrC/ 5 = 6, TrC/ 6 = 6 and TrC/ 8 = 12. Changing c 




= +1 to 




anomalous U(l)s to: TrU c = -18, TrU L = 12, 




(14a) 



k 




(146) 



symmetry. The set {r]j} is the set of fields with vanishing VEV. The solution to 
the set of Eqs.(14) must be positive definite since \xk\ > 0. 

The set of Eqs. (14) is a non trivial constraint on the allowed models. To 
illustrate the difficulty in finding solutions to the set of constraints 1 consider the 
model of table 5. 

The observable gauge group of the model is SU (3)c xU(i)c>< SU (2) L xU (1) l x 
U(l) 4 and the hidden gauge group is SU(5)h x SU(3)h x U(l) 2 . The horizontal 
U(l) symmetries in the observable sector correspond to U(l)j (j = 1, • • • , 3) and 
to the world-sheet current uj 2 uj 3 . The U(l) symmetries in the hidden sector, Z7 (1)7 
and U(l)%, correspond to the world-sheet currents + 8 8 and — 20 7 ? + 

— 40 — respectively, where summation on j = 5, • • • , 7 is implied. 

The massless spectrum in the observable sector contains three chiral generations 
from the sectors 61, 62 and 63, Gi, +G2 , +\(e c +u c ) n n 1 1 +(d c +N c ) n n 1 1 + 

5,0,0,0 0,5,0,0 LV /u , u 52'^2 /u , u 52'2 

(L) q 1 _i+(Q) q 1 i} 3 . The Neveu-Schwarz sector contains in addition to the spin 
two and spin one states, one pair of Higgs doublets h^ 01 , h^ x , two pairs of Higgs 
triplets Di_ 100 , Z)i 100 , D2 10 , D2 010 , one pair of SO (10) singlets with charges 
under the horizontal U(l) symmetries, 3>i2i_ioo> $l2_noo an< i ^ ve singlets which 
are neutral under all the U(l) symmetries Ci,---,5 : Xi 2 yI^||0)o' X^Vi^t |0) , 

x^?y?|o>o,x^^|o>oandx 5 1 6 y?^|o) . 

222 222 222 

In addition, in the observable sector, the sector ( = a + (3 gives 



/>45 = [(1, 0); (2, -1)] 1,1,0,0 D 45 = [(3, -1); (1, 0)] i,i, , (15a, b) 
$45 = [(1, 0); (1, 0)] ii t _ lfl $± = [(1, 0); (1, 0)]_i,i, , ±1 (15e, /) 



The sectors b{ + 27 + (7) (i = 1, ..,3) give vector representations which are 
SU(3)c x SU(2) L x C/(1) L x U(l)c singlets (see Table 6). The vectors with some 
combination of (61, b 2 , &3, ex, (3) plus 7 + (J) (see Table 7) give representations which 
transform under SU(3)c x SU(2) L x £/(1)l x £/(1)cs most of them singlets, but 
carry either U(l)y or U(l)z' charges. Some of these states carry fractional charges 
±| or ±|. There are no representations that transform nontrivially both under 
the observable and hidden sectors. The only mixing which occurs is of states 
that transform nontrivially under the observable or hidden sectors and carry U(l) 
charges under the hidden or observable sectors respectively. 

The model contains eight U(l) symmetries, six in the observable sector and two 
in the hidden sector. Out of those four are anomaly free and four are anomalous: 



The two trace U(l)s, U(l)i and U(l)c, are anomaly free. Consequently, the 
weak hypercharge and the orthogonal combination, U(l)z', are anomaly free. Like- 
wise, the two U(l)s in the hidden sector are anomaly free. Of the four anomalous 
U(l)s, only three can be rotated by an orthogonal transformation and one com- 
bination remains anomalous and is uniquely given by: U a = kJ2j[^U(l)j]U(l)j, 
where j runs over all the anomalous U(l)s. For convenience, I take k — g, and 
therefore the anomalous combination is given by: 



TrC/i = 18, TrU 2 = 30, TrC/ 3 = 24, TrC/ 4 = 12. 



(16) 



U A = 3C/i + 5U 2 + AU 3 + 2U 4 



TrQ A = 318. 



(17a) 



The three orthogonal combinations are not unique. Different choices are related 



Together with the other four anomaly free U(l)s, they are free from gauge and 
gravitational anomalies. The cancellation of all mixed anomalies among the five 
Z7(l)s is a non trivial consistency check of the massless spectrum of the model. 

The trilevel superpotential is given by 
W = {(u^elD, + dlN^D, + u c L2 e c L2 D 2 + d^N^ + u c Ls Q 3 h + N c L3 L 3 h 3 ) 

+ DiZ) 2 $i2 + £>l£>2$12 + $12^3 3*3 + $12$ 3 $3 + ^3^45^45 + ^45 $45 
+ £&($45$45 + h A5 k 45 + D 45 D 45 + 0101 + 0'i0 / i + 0202 + 0202 + &t $3" 

+ $ 3 $ 3 + H X H 2 ) + 0i(M 3 Mu + M 2 M 9 ) + 0iM 6 Mi 3 + / 2 (M 4 Mi O 

+ M5M12) + 2 (M 7 Mi4 + Mi Ms) + 01M17M24 + 0i(^i6M 2 i + M 2 oM 23 ) 

+ 02(Mi 5 M 22 + Mi 9 M 26 ) + 2 Mi 8 M 25 + $12^13^14, (18) 

where a common normalization constant \^2g is assumed. 

The solutions to Eqs. (14) can be divided to two kinds of solutions. Solutions of 
the first kind keep both U(l)c and U(1)l unbroken. Solutions of the second kind 
keep only the electroweak hypercharge unbroken. Solutions of the first kind are 
preferred because they are believed to be stable to all orders. For the first kind of 
solutions the fields Xk m Eqs. (14), must be neutral under both U(l)c and U(1)l- 
Only the Neveu-Schwarz sector, the sector (, and the sectors 6^+27, produce fields 
which are neutral under both U{l)c and U(1)l- By examining the massless states 
from the Neveu-Schwarz and the ( sector, it is observed that the number of fields, 
with independent charges along the four D constraints is always less than four. The 
Neveu Schwarz sector produces only one field, $12. The sector ( gives $45 and 
while 0i 9 and <b\ n have the same charges, ud to a multiplicative constant, as 



charge along the anomalous U(1)a ■ Changing the model to include more states 
from the Neveu-Schwarz sector is possible at the cost of increasing the number 
of U(l) symmetries with non vanishing trace. Thus, it is found that the number 
of constraints is always larger than the number of flat directions. It is concluded 
that solutions of the first kind do not exist in type I models. This result was 
verified by writing a simple computer program which searches for positive definite 
solutions. No solutions were found in all type I models. It is therefore concluded 
that, solutions which keep both U(l)c and U(1)l unbroken by the Dine-Seiberg- 
Witten mechanism, do not exist in type I models. 

Turning to the second kind of solutions. These solutions keep only the weak 
hypercharge unbroken in the application of the Dine-Seiberg-Witten mechanism. 
The set of fields which can receive a non vanishing VEV is extended to include the 
states with vanishing weak hypercharge, but with non vanishing U(l)z> charge. 
These states include the three right handed neutrinos from the sectors b\, 62 and 
63, and the neutral states from the sectors ±7 + (/) plus some combination of 
(61, 62, bs, a, f3) (see Table 7). The number of D flatness constraints in this case 
is extended to ten equations. To obtain a supersymmetric vacuum we take W = 
— 0, where W is the trilevel superpotential. An elaborate computerized search 
for F and D flat solutions yielded a null result. However at this stage it is not 
possible to present a definite conclusion whether solutions of the second kind exist 
or do not exist in type I models. Observation of an additional neutral gauge boson, 
Z', will exclude this kind of solutions and will therefore exclude type I models. 

There is a unique class of type II models [11,12] which admit solutions to the 
F and D flatness constraints. These models have the following characteristics: 



2. The complexification of the left-moving fermions y^y®, y 1 ^ 5 and oj 2 ^ allows the 
construction of a vector (. The states from this sector are used in the application 
of the DSW mechanism. 

3. These models are constructed at a highly symmetric point in the "compactified 
space". This symmetry exhibits itself in the non vanishing U(l) traces [11,12]. 

5. The Hidden Sector 

The hidden sector in the free fermionic standard-like models is determined by 
the boundary condition of the internal right-moving fermions, 1 ' "' 8 . A detailed 
classification is beyond the scope of this paper. However, the following comments 
are important to note. 

The hidden gauge group arises from the states 1 ''"' 8 . In the NAHE set the 
contribution to the hidden Eg gauge group comes from the Neveu-Schwarz sector 
and from the sector / = 1 + b\ + 62 + 63. In the standard-like models the hidden 
gauge group is broken by the vectors which extend the NAHE set. 

It is important to note that in the standard-like models the hidden Eg gauge 
group must be broken. This follows from the fact that the vectors which break 
the 5*0(10) symmetry always carry an odd number of periodic fermions from the 
set {■0 1 '"' 5 , fj 1 , fj 2 , fj s }. The reason is the structure of the NAHE set, which divides 
the internal fermionic states into three symmetric groups and the requirement of 
at least one Higgs doublet from the Neveu Schwarz sector. To obey the modular 
invariance rule, a • 7 = Omodl, an odd number of fermions from the set {0 1 '" ' 8 } 
must be periodic in the vector a, and receive boundary condition of \ in the vector 
7. Therefore, the hidden gauge symmetry is broken in two stages. Typically it is 



appear. This offers the possibility of a rich hidden matter spectrum to appear in 
future colliders. The appearance of small hidden gauge groups may be desirable 
for generating the breaking of U(l)z' as well as for generating supersymmetry 
breaking at a low scale. 

6. Discussion 

The construction of free fermionic standard-like models led to a unique class of 
models. This class of models has unique phenomenological characteristics. They 
suggest an explanation for the top-bottom mass hierarchy. At the trilinear level 
of the superpotential only the top quark obtains a non vanishing mass term, while 
the lighter quarks and leptons get their mass terms from non renormalizable terms. 
In two recent constructions [11,12], mass terms for the bottom quark and for the 
tau lepton were found at the quartic and quintic level. These models predict a 
top quark at m t ~ 140 — 180GeV [22]. The unsuccessful search for solutions to 
the F and D flatness constraints in type I models, suggests a possible connection 
between the requirement of a supersymmetric vacuum at the Planck scale and the 
top quark mass hierarchy. Observation of an additional neutral gauge boson Z' 
will be further evidence to support this connection. 

The standard-like models extend the symmetry of the Standard-Model by one 
additional, generation independent, U(l) symmetry. This U(l) symmetry is a 
combination of, B — L, baryon minus lepton number, and of T% R . The U(l)z' 
may be broken by the application of the DSW mechanism. However, if U(l)z' 
remains unbroken down to Mz< < 10' T GeV ', it results in a gauged mechanism to 
explain the suppression of proton decay from dimension four operators. In this 
case it mav be broken bv the running' of the renormalization stoud eauations. a la 



The underlying 5*0(10) symmetry of the NAHE set indicates that for every 
Dirac mass term for a +| charged quark, we obtain a Dirac mass term for a 
neutral lepton, with m u = m v . Therefore, we must be able to construct a see-saw 
mechanism [25] to suppress the neutrino mass. The entries in the see-saw mass 
matrix arise from nonrenormalizable terms. For example, in the models of Refs. 
[11,12] a potential term in the see-saw mass matrix appears at the quartic level 
NIH17H13 Vg, where Vg and H13 transform as triplets under the hidden SU(3) 
group. 

In this paper I discussed the construction of superstring standard-like models 
in the free fermionic formulation. To date the free fermionic formulation yielded 
the most realistic superstring models. This realism may be not accidental but may 
arise from the fact that the free fermionic formulation is formulated at a highly 
symmetric point in the moduli space. The question, how does nature choose to 
have only three generations, finds a simple explanation in free fermionic models [20] . 
The free fermionic standard-like models have remarkable properties. They have 
exactly three generations and no mirror generations. They explain the suppression 
of proton decay via dimension four operators either by a gauged mechanism or 
by simply not giving a VEV to the neutral singlet in the 10 of SU(5). They 
explain the suppression of proton decay via dimension five operators by the GSO 
projection of the dangerous Higgs triplets. The projection of the Higgs triplets is 
correlated with the appearance of horizontal £/(l)^ r symmetries. The standard- 
like models suggest an explanation for one of the most important mysteries of 
nature, the heaviness of the top quark relative to the lighter quarks and leptons. 
At trilevel only the top quark obtains a non vanishing mass term. Therefore only 
the ton auark rrmss is characterized bv the electroweak scale. The ma,ss terms 
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Table 1. A three generations su(3) x 5(7(2) x u(i) 2 model without Higgs doublets from the Neveu-Schwarz 
sector. 
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Table 2. A three generations sc/(3) x st/(2) x c/(i) 2 model. The choice of generalized GSO coeficients is: 

}=c(J=-c(J=c(J=-c( ) = -i (j=l,2,3), with the oth- 

ers specified by modular invariancc and space time supcrsymmctry. Trilcvcl Yukawa couplings are obtained 
for +| charged quarks as well as -i charged quarks and for charged leptons. 
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Table 3. A three generations su(3) x S(7(2) x u(i f model. The choice of generalized GSO coeficients is: 

,a,/3, 7 / \l/ \/3/ \1/ Vl,«/ V , 

by modular invariance and space-time supersymmetry. Trilevel Yukawa couplings are obtained only for +| 
charged quarks. 







{x 4 ;x 2 


x 3 } 


3 6 

y y 


4 -4 

y y 


5 -5 

y y , 


-3 -6 

y y 


y 1 - 5 , 


2 -2 

y y 


6-6 
UJ UJ 


y 1 - 5 




^a 1 


3-3 
UJ UJ 


- 2 - 4 
UJ UJ 


V 




l/> 3 , l/* 4 , V 5 , 


V 1 , 


-2 -3 
»7 > »7 


1 , 2 . 3 > 4 > 


4>\ 


6 , 


7 ,0 8 


a 





{0, 0, 


0} 


l, 


l, 


l, 





l, 


l, 


1, 





1, 


l, 


1, 





1, 


1, 


1, 0, 0, 


o, 


0, 


1, 1, 1, 1, 


o, 


o, 


0, 








{0, 0, 


0} 


o, 


l, 


o, 


l 


o, 


l, 


o, 


l 


1, 


o, 


o, 





1, 


1, 


1, 0, 0, 


o, 


0, 


1, 1, 1, 1, 


o, 


o, 


0, 


7 





{0, 0, 


0} 


o, 


o, 


l, 


l 


i, 


o, 


0, 





o, 


i, 


o, 


1 


l 

2 ' 


1 

2 ' 


111 

2 > 2 ' 2 ' 


1 

2 


1 1 

2 ' 2 


h 0, 1, 1, 


1 

2 ' 


1 

2 ' 


i, 



Table J±. A three generations S(7(3) x sc/(2) x c/(i) 2 model. The choice of generalized GSO coeficients is: 
= - c | J = - c ( ) = - c ( 1 = c [ 1 = -c ( 1 = -l (j=l,2,3), with the others specified 



v a,/3, 7 / \1/ \/3/ \1/ \1/ V"*/ 3 / 

by modular invariance and space-time supersymmetry. Trilevel Yukawa couplings are obtained only for +| 
charged quarks. 
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Table 5. A three generations Si7(3) x su(2) x u(i) 2 model with four horizontal u(i) symmetries. The choice 

of generalized GSO coeficients is: c I I = -c I J = c I I = -c I I = c I ) = -1 

V « / \«/ V/ 3 / \ 1,61, 62/ \ fe 3/ 

(j=l,2,3), with the others specified by modular invariance and space-time supersymmetry. Trilevel Yukawa 

couplings are obtained for +§ charged quarks as well as for -| charged quarks and for charged leptons. 
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Table 6. Massless states in model 5 and their quantum numbers. V indicates that these states form vector 
representations of the Hidden group. 
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